Desiccation tolerance of the moss Tortula ruralis is characterized by a desiccation-induced change in gene expression that becomes evident upon rehydration. As reported earlier, this change in gene expression is apparently brought about by a change in the control of translation and does not include a major shift in mRNA abundance. A full qualitative and quantitative analysis of the alteration in gene expression, which is characterized by the loss of (or greater than fivefold decrease in) the synthesis of 25 hydration (h) proteins and initiation (or greater than fivefold increase) of the synthesis of 74 rehydration (r) proteins, is given in this report. Exposure to a desiccating atmosphere, for times that result in varying levels of water loss, enabled the determination that the control of synthesis of r proteins is different from the control of synthesis of h proteins. The r and h protein synthesis responses are intemally coordinate, however. Similarly, the return to normal levels of h protein synthesis differs from that of the r proteins. The return to normal synthetic levels for all h proteins is synchronous, but the rate of loss of r protein synthesis varies with each individual r protein. Run-off translation of polysomes isolated from gametophytes during the drying phase demonstrates that there are no novel mRNAs recruited and no particular mRNA is favored for translation during desiccation.
These findings add credence to the argument that translational control is the major component of the desiccation-induced alteration in gene expression in this plant, as discussed. Aspects of the response of protein synthesis to desiccation are consistent with the hypothesis that T. ruralis exhibits a repair-based mechanism of desiccation tolerance.
Although many vascular plants are capable of producing certain specialized structures that are capable of withstanding desiccation (e.g. seeds, spores, or pollen), few can survive this stress if it is applied to their vegetative tissues. The vast majority of desiccation-tolerant plants belong to the less complex groups of the plant kingdom: algae, lichens, and bryophytes. All are poikilohydric and thus exhibit a rapid equilibration of their internal water content with the water poten- 1 Supported by the National Science Foundation grant DCB- 8819019. tial of the environment. A few ferns, and even fewer angiosperms, are tolerant of desiccation (6, 8) . These plants exhibit modified poikilohydry, however, because most have features that permit them to reduce their rate of water loss and many cannot survive rapid desiccation (1, 12) . Poikilohydric plants have been postulated to utilize a repair-based mechanism of desiccation tolerance (7) in contrast to a protection-based mechanism implied for desiccation-tolerant angiosperms (1, 24) and seeds (1 1) .
Our understanding of desiccation tolerance mechanisms in poikilohydric plants comes from studies involving the desiccation-tolerant bryophyte Tortula ruralis (as reviewed in ref. 7) . The majority ofthese studies focus on the response ofgene expression to desiccation and rehydration. Gametophytes of T. ruralis rapidly lose the ability to synthesize proteins during the drying phase of a desiccation event (2, 3) as do gametophytes of other bryophytes (16, 27) . Desiccation can occur so rapidly that polysomes are trapped on preexisting mRNAs (10) , but the moss still survives this treatment. Synthesis of protective proteins during drying seems unlikely under these circumstances. Constitutive synthesis of protective proteins cannot be ruled out, however. T. ruralis and other desiccationtolerant mosses are not resistant to the damage to cellular integrity that is wrought by a desiccation-rehydration event, but unlike desiccation-intolerant mosses they repair that damage quickly upon rehydration (20) . These observations led to the hypothesis of the presence of a desiccation tolerance mechanism based upon cellular repair in these poikilohydric plants.
Further evidence for such a mechanism derives from work in which the events occurring during rewetting of dried moss were investigated. Protein synthesis recovers rapidly upon rehydration of desiccation-tolerant mosses, e.g. T. ruralis (3, 4, 14) , Tortula norvegica, and Tortula caninervis (M. J. Oliver, unpublished data), Polytrichium commune (27) , and Neckera crispa (16) . RNA synthesis also rapidly recovers upon rehydration of dried T. ruralis (21) . Ribosomes and rRNAs are stable during desiccation, and both conserved and newly synthesized ribosomes and rRNAs are quickly utilized in the formation of new polysomes upon rehydration of T. ruralis (13, 21, 22) . mRNAs are also stable to desiccation and are rapidly utilized in protein synthesis upon rehydration (22, 23) . In addition, the turnover rate for conserved mRNA was not different from that of control mRNAs (23) . Accompanying the turnover of mRNAS stored in the dried state is the replenishment of the message pool as a result of de novo synthesis (22) . The rate of mRNA synthesis, as is consistent with a repair-based mechanism, is faster if there is greater cellular disruption resulting from a rapid desiccation treatment (23) .
In T. ruralis, desiccation and rehydration have a dramatic effect on the pattern of in vivo protein synthesis (23; this report). The pattern of proteins synthesized during the first 2 h following rehydration is substantially different from that obtained for undesiccated controls. Protein patterns obtained from the in vitro translation of bulk RNA extracted from control, dried, and rehydrated gametophytes using a rabbit reticulocyte cell-free system did not exhibit these obvious differences. All three patterns were qualitatively similar, and hence, the mRNA populations from each are in large measure similar (23) . These data suggest that a major response of T. ruralis to desiccation and rehydration is a change in gene expression, which is, in large part, modulated at the level of translation of specific mRNAs. This is intuitively expected for a repair-based mechanism ofdesiccation tolerance because regulation of gene expression at the translational level would be inherently more rapid than a response at the level of mRNA abundance as seen in the environmental perturbation of other systems (25) and in a desiccation-tolerant higher plant (1, 24) . This would be important in an opportunistic poikilohydric desiccation-tolerant plant; the faster the recovery the faster the return to growth. The evidence is still preliminary, and many questions remain, however.
In this report, we give a full qualitative and quantitative analysis of the h and r protein2 responses using much improved protein isolation and electrophoretic techniques. This analysis forms the basis of the evaluation of a new set of experiments that demonstrate that the desiccation-induced repression of h protein synthesis upon rehydration is not under the same cellular control as the desiccation-induced synthesis in r proteins during recovery. In addition, we have obtained evidence that lends credence to the notion that during drying no novel "protection" proteins are synthesized to prepare the moss cells for the rigors of desiccation. The lack of coordination of the translational control of the two subsets of gene products, r and h proteins, and the lack of synthesis of novel proteins upon desiccation have importance in the formulation of a model for desiccation tolerance based on cellular repair.
MATERIALS AND METHODS

Plant Material
Gametophytes of Tortula ruralis ([Hedw.] Gaertn, Meyer, and Scherb) were collected, stored, and prepared for experimentation as described previously (21).
2 Abbreviation: h protein, hydration protein; r protein, rehydration protein; 2D gel, two-dimensional gel.
Administration of Desiccation
Desiccation was achieved by placing fresh moss gametophytes of known weights on a nylon mesh over a stirred saturated solution of sodium nitrite at 20°C (RH 66%) for 24 h. The air-dried weight (approximately 20% of Fig. 1 original fresh weight) was obtained within 6 h using this regimen (Fig. 1) .
In Vivo Labeling Procedures
For analysis of radioactive polypeptides synthesized during rehydration of dried or partially dried moss, 400 mg (fresh weight) samples were exposed for the appropriate times to the drying atmosphere and rehydrated in 
RESULTS
Desiccation Rate
To determine whether the h and r protein responses could be uncoupled and to discover whether novel mRNAs were utilized for protein synthesis during the drying stages of a desiccation-rehydration event, it was necessary to extend the time taken for the gametophytes to attain the air-dried state. Regimens used earlier, in which gametophytes were dried 90 min and 3 to 4 h (21-23), were deemed too rapid to allow for the detection of these possibilities. The drying rate of gametophytes exposed to a closed atmosphere of 66% RH is shown in Figure 1 . Desiccation, approximately 20% of fresh weight, was achieved after 6 h (approximately [8] [9] [10] h is the minimum exposure time required for desiccation). Experimentally, the gametophytes were exposed to this atmosphere for 24 h if complete drying was necessary. Subsequent placement of the gametophytes, after 24 h exposure, over activated silica gel failed to remove measurable amounts of water from these tissues. In addition, the rate of water loss under these experimental conditions represents the average drying rate of naturally occurring clumps of T. ruralis (late summer) observed at the collection site in Calgary, Alberta, Canada (M.J. Oliver, unpublished data).
Analysis of the Alteration in Gene Expression following a Desiccation-Rehydration Event
Although the alteration in gene expression as a result of desiccation and rehydration had been documented by 2D gel electrophoresis (23), significant advances in technology, both in isolation and separation of proteins synthesized in vivo, and in the analysis of the resultant 2D patterns necessitated a reassessment of the alteration of protein synthesis induced by the treatment.
The patterns of protein synthesis obtained from control gametophytes (A) and rehydrated gametophytes (B), previously dried for 24 h, synthesized during a 2-h labeling period are shown in Figure 2 . In the case of the rehydrated sample, the label was applied during the initial 2 h following the addition of water. As is evident, there is a complex array of proteins synthesized under both conditions. Computer-assisted analysis enabled the identification of the synthesis of Figure 2 . Fluorographs of 2D gel electrophoretic protein separations of in vivo labeled proteins extracted from hydrated (36 h) gametophytes (A) and desiccated gametophytes rehydrated for 2 h (B). Each gel was loaded with 1 x 106 cpm of 35S-labeled proteins and exposed to x-ray film for 48 h. Mol wt markers were run to the side of each gel, and the pH range for the first dimension was estimated from both isoelectrofocusing markers and direct pH measurement of slices of the first dimension gel. Lower panels of A and B, photographs of computer-generated profiles (Bio Image Analysis System) of the protein patterns of the fluorographs presented in the upper panels. Photographic reproduction was achieved according to the procedure of Sullenberger (29) . 462 individual proteins in the control pattern (A) and 418 individual proteins in the rehydration pattern (B). For clarity, the computer-generated patterns are shown in the lower panels of Figure 2 . The overall effect of the desiccation-rehydration event on the pattern of gametophytic protein synthesis can be assessed from the integrated intensity data generated by the computer analysis. A summary of this assessment is presented in Table  I .
Care has to be taken when assessing this type ofdata because the variation in integrated intensity of individual proteins or "spots" from one experiment to another can vary considerably. This is not unexpected because of the nature of 2D gel analysis and fluorography. The pattern alteration is consistent from one experiment to another, however. To accurately quantify changes in integrated intensities, one would require sufficient replication for statistical analysis, and because the nature of the analysis and the expense involved, this is not feasible. Thus, only broad categories of substantial changes, consistent from experiment to experiment, should be used. The minimum requirement used in this analysis to report a change in synthesis ofa protein is a twofold difference between control and rehydrated patterns. The criteria used to choose proteins that may be important in the response to desiccationrehydration are even more stringent (see below).
As is evident from Table I , the effect of a desiccationrehydration event upon the pattern of protein synthesis is extensive. Only the synthesis of approximately one quarter of the identified proteins remains essentially unaffected by the treatment. The synthesis of all others are either increased or decreased in the response. The synthesis of 21.3% of the total number of proteins (both gels combined) appeared to be specific to the rehydration phase of the treatment, and 29% appeared specific to the fully hydrated state. Many of these represent proteins that are labeled only slightly above the background levels of the gels, however.
The following criteria were used to decide which proteins warrant further attention as exhibiting a significant response in synthesis to the desiccation rehydration event: (a) the alteration in synthetic activity of a particular protein must be consistently altered from experiment to experiment; (b) the protein had to exhibit a significant level of labeling in either the hydrated or rehydrated pattern. In general an integrated intensity of<0.2 was not easily visible by fluorography except by exposure times of 96 h and above (the fluorographs presented here are 48 h exposures and loaded with 1 x 106 cpm), and thus, 0.2 was used as a threshold level; (c) if the protein was present in both patterns, the synthetic response (increase or decrease) must alter by at least fivefold to be considered significant.
The proteins selected, using the above criteria, are highlighted (solid spots) in the computer-generated patterns of the lower panels of Figure 2 . In the control pattern (A), 25 individual proteins have been selected, and these fall into three broad classes as shown in Table II . These proteins have been designated as hydration (h) proteins, and all exhibit a significant decrease in synthesis upon rehydration following the desiccation of the gametophytes. In the rehydration pattern (B), 74 individual proteins have been selected and these fall into five broad classes as shown in Table III . These PLANT DESICCATION AND PROTEIN SYNTHESIS Figures 3 and 4 .
Six areas of the 2D gel patterns that contain both r and h proteins are shown in Figure 3 . Each area is delineated by both mol wt and isoelectric points, and the proteins ofinterest are marked by arrowheads, h proteins in the control panels and r proteins in the 24-h desiccated panel. The fluorographs clearly show that both h and r proteins can be synthesized at significant levels at the same time. This is clearly shown in the 30-min and 1-h treatment panels for proteins in groups A, B, E, and F where both types of proteins can be seen in the same panels. In group B, the h proteins are not synthesized at all in the 24-h desiccation treatment but are fully evident in the 30-min and 1-and 2-h treatments, along with significant levels of r proteins (see groups F and E). This is also true for those r proteins that are not seen in the control patterns (see groups A, E, and F).
The synthesis of h proteins can be seen upon rehydration even after 2 and 3 h exposures to drying conditions, i.e. after tissues have been reduced to water contents of 55 and 41% of the fresh weight. It is only after the gametophytes have been fully desiccated (24 h exposure and a water content of 20% of fresh weight) that the synthesis of many of the h proteins is fully terminated (see h proteins of groups A, B, C, and E). On the other hand, r protein synthesis can be seen in gametophytes previously exposed to the drying atmosphere for 30 min (reaching a water content of 85% of fresh weight) and 1 h (reaching a water content of 73% of fresh weight). This can be seen clearly in the r proteins of groups A, E, and F.
The above observations are best made for those proteins, h and r, that do not appear to be synthesized at either of the two extremes of the treatment series. To include the effect of the partial drying treatments on those proteins whose synthesis is present under all treatments but is affected either negatively (h proteins) or positively (r proteins) greater than fivefold by desiccation-rehydration, it was necessary to analyze the computer-derived integrated intensity data. The integrated intensities used in this analysis were obtained after the computerized normalization, to take into account loading differences between gels, of the raw values. This analysis is summarized by the graphical presentation in Figure 4 .
The overall synthesis of h proteins during the recovery phase declines steadily with increasing time of exposure to the drying atmosphere with no apparent threshold level of drying that induces a major decline in h protein synthesis during rehydration. It Figures  5 and 6 .
In Figure 5A , two r proteins that exhibit levels of synthesis that do not substantially decrease during the 10-h period of the experiment are shown (arrows). Their synthesis returns to normal levels 24 to 26 h after rehydration, as is evidenced in Figures 2A and 3A , because hydrated controls are hydrated 24 h from desiccated tissues and labeled for 2 h. In Figure 5B a single r protein that exhibits similar kinetics to those in Figure 5A until the 8 to 10 h time period is shown. Some of the apparent lose can be attributed to the fact that this gel had less radioactivity overall than the other gels, but this does not account for all of the apparent loss. Computer-derived integrated intensity measurements after the gels were normalized to account for loading differences between gels still showed a substantial decline in the synthesis of this protein to 35% of that seen in the preceding time periods.
In Figure 5C is shown r proteins whose synthesis decreases more rapidly during the recovery phase than those seen in Figure 5 , A and B. These proteins are synthesized at greatly reduced levels even in the 2 to 4 h sample and are virtually undetectable in the 8 to 10 h sample. Similarly, r proteins whose desiccation-induced increase in synthesis is restricted to the first 2 h following the addition of water are shown in Figure SD . Their synthesis is either negligible or at control levels in the 2 to 4 h labeling period. One Figs. 2A and 3F ). Its synthesis must resume at some point between 10 and 24 h because it is consistently seen in all hydrated control patterns looked at so far; also, it is the only major r protein that exhibits this behavior. The r protein marked with a starred arrow is designated an r protein as a result of a greater than 20-fold increase in synthesis. Its synthesis has returned to normal levels in the 2-to 4-h labeling period (Fig. 3F) .
The results ofa similar analysis ofh protein synthesis during the recovery phase are shown in Figure 6 . Panel A depicts the major group of h proteins previously shown in Figure 3B . As is evident, the synthesis of all of these proteins has recovered to control levels during the 2 to 4 h labeling period, and their synthesis remains at control levels throughout the remainder of the experimental time course. This is also true for the protein (arrow) in panel B (also see Fig. 3C ); indeed, it is true for all of the 25 h proteins described in Figure 2A .
It appears that the loss or decrease in the synthesis of individual r proteins with extended periods of hydration, unlike their induction, is not coordinate. The time taken to recover hydrated levels of the synthesis of r proteins is dependent on the particular r protein (or set of r proteins) under investigation. In contrast, the recovery of normal synthetic levels of h proteins is coordinate, and all are synthesized at control levels in the 2 to 4 h time period following rehydration.
Protein Synthesis during the Drying Phase
Essential to the argument that the major component of the desiccation tolerance mechanism in T. ruralis is an activated repair of cellular damage and not protection from it is the demonstration that there are no novel proteins synthesized during the drying stage when one would expect the production of a water loss-induced protection protein (this is expanded on in "Discussion"). Labeling of gametophytes for a short period before drying proved untenable, and thus it was believed that the best approach to this determination was to follow the proteins synthesized in vitro from polysomes isolated from drying gametophytes. A 30-min exposure to the drying conditions was considered an optimum time for isolation of polysomal complexes (see "Discussion") to test the above hypothesis. Run-off translation using a wheat germ (Fig. 2) . These changes in protein synthesis are reproducible and do not vary with the speed at which desiccation is achieved (data not included).
The data presented here are far more developed and extensive than those reported earlier (23) . Nevertheless, these data fully support the conclusions and arguments concerning the nature ofthe alteration in gene expression and its relationship to the hypothesis of a repair-based mechanism of desiccation Figure 6 . Recovery of normal levels of the major individual h protein synthesis at extended times of hydration following desiccation. Each panel represents a designated area of a 2D gel electrophoretic protein separation of in vivo labeled proteins from gametophytes hydrated for the time periods presented, including the time of labeling, after desiccation. Arrowheads, Individual h proteins.
cell-free protein synthesis system (devoid of wheat germ polysomes) was performed as described above. The results ofthis analysis are depicted in Figure 7 .
The 2D gel analysis of the in vitro synthesized proteins from polysomes of control hydrated moss (A) and moss dried for 30 min (B) is depicted in Figure 7 . The patterns ofproteins synthesized from both polysome run-offtranslations are identical qualitatively; this is difficult to record photographically, but image analysis substantiates this observation. There are no novel proteins synthesized during the run-off translation of polysomes from drying gametophytic tissue. To be certain, polysomes taken from gametophytes dried for 15 min and for 1 h were also used for translation substrates and gave identical results (data not shown). Computer analysis recognizes 214 proteins in each gel that have labeling sufficient for recognition at the resolution of the image analyzer. The integrated intensities of these proteins, following normalization to remove labeling bias, were compared to determine whether there was any substantial increase in the initiation rate for a particular mRNA (and hence greater synthesis during runoff) during the drying process. All proteins analyzed in the 30-min polysome sample gel exhibited synthesis levels that were substantially unchanged (no synthesis levels above a twofold increase) from the synthesis levels seen in the control. Similar results were obtained in the comparison ofthe 15 min and 1 h dried 2D gel patterns.
DISCUSSION
The alteration in gene expression resulting from a desiccation-rehydration event, at least at the level of protein synthesis, was characterized by the reproducible loss of, or depressed tolerance in this poikilohydric bryophyte discussed in the previous paper. Indeed, the analysis in this report indicates that the alteration of the pattern of protein synthesis by desiccation-rehydration is more extensive than first described. As shown in Table I , the synthesis of almost 80% of the observable proteins is affected in one way or another by the treatment. This is a dramatic testament to the disruptive nature of desiccation to cellular function in this plant. Such a massive alteration in gene expression may in itself suggest a prominent role for translational control in the response of this moss to desiccation, as suggested previously (23) . A large change in gene expression brought about by a change in mRNA abundance levels would presumably be more metabolically expensive than the proposed alteration in translational control. This, in turn, would be less useful for a poikilohydric opportunistic plant and may invoke an evolutionary disadvantage. Transcription is not totally uninvolved in the desiccation tolerance mechanism of T. ruralis, however. Two hours following rehydration of both slowly and rapidly dried moss polysomal fractions contain mainly newly synthesized mRNAs, even though there is no apparent qualitative change in mRNA pools (23) . Perhaps new mRNA synthesis is directed toward the replenishment of the preexisting r protein mRNAs.
It is important for the ensuing discussion to keep in mind that the subsequent experiments were designed to investigate the behavior of h and r protein synthesis in the fully hydrated state after the imposition of a stress and not during the stress event. Thus, it is the recovery phase that is highlighted here.
The tactic of utilizing a slow drying desiccation regimen to investigate the effect of various levels of water loss on the protein synthetic pattern seen upon rehydration in T. ruralis allowed the segregation of the two major components in the response (Figs. 3 and 4) . The slow decline in the ability to synthesize h proteins upon the 2 h of full hydration following a drying event is in contrast to the gradual increase in the ability to synthesize r proteins with between 30 min and 2 h of prior drying. The most striking difference in the two responses is the rapid and almost total activation of r protein synthesis after a 3-h exposure to a desiccating atmosphere, whereas h protein synthesis continues a steady decline (Fig.   4) . What was somewhat surprising was the apparent internal coordination of these two responses. The ability to synthesize all h proteins gradually declined in the same overall trend. Also, the drying-induced increase in synthesis ofthe r proteins was kinetically similar for all. These data suggest that, if the main point of control is translational as suggested by Oliver and Bewley (23) , the mechanism of the deselection of h protein mRNAs does not also result in the selection of r protein mRNAs. Also, all h protein mRNAs have some feature(s) in common as do all r protein mRNAs, but these features differ.
The increasing loss of the ability of moss to synthesize h proteins upon rehydration following concomitant decreases in the amount of water in the gametophytic tissue before rehydration can have many explanations. Earlier work demonstrated that during drying polysomes are lost as a result of the run-off of ribosomes from mRNA coupled with a failure to reinitiate (10) . This suggests that the initiation process is somehow altered as a result of water loss. It is possible that during drying an initiation factor that confers upon h protein mRNAs a competitive initiation rate is lost or altered and upon rehydration requires time to reestablish maximum h protein synthesis. Maximum drying, i.e. desiccation, results in the complete loss of this factor, whereas lesser amounts of water loss only deplete its level somewhat. This is a rather complex scenario, and even though it cannot be ignored, a simpler explanation can be made.
It is more parsimonious to suggest that the loss of water from the gametophyte results in the physical removal of the h protein mRNAs from the translation pool. This can be the result of selective degradation or sequestration, and both have precedents in stress physiology, e.g. degradation of the small subunit of Rubisco and Chl a/b-binding protein mRNAs during low temperature stress in rice (15) and sequestration of "control" mRNAs during heat shock, apparently in cytoplasmic heat shock granules which serve as mRNA storage sites ( 18) . The later is the most appealing of the two scenarios for several reasons. Earlier studies have established that the mRNA pool in dried gametophytes is qualitatively unchanged from that seen in hydrated moss (23) . This is obviously inconsistent with a degradative loss of h protein mRNAs. In a plant whose opportunities for growth are limited, i.e. when free water is available in the habitat, it would seem unlikely that a tolerance strategy that wastes resources would be favored. It would be more likely to conserve mRNAs than degrade them in response to drying. Also, sequestered mRNAs can be quickly released into the translation pool after conditions are more favorable; in contrast, degraded mRNA is not so quickly replaced. The rapid recovery of h protein synthesis 2-4 h after rehydration (Fig. 5 ) may support this, although 2 h is sufficient time for transcription and recruitment of new h protein mRNAs. The means by which the mRNAs could be sequestered as a result of drying, and how such a mechanism is induced, are not as apparently clear as the situation in heat shock. There is no evidence ofincreases in cytoplasmic granules as seen in tomato cell cultures under heat shock (for review see ref. 18) , and unlike the heat shock granules, in which a distinct set of heat shock proteins are synthesized and form the major part of the heat shock granules, the moss does not synthesize novel proteins or favor the synthesis of certain proteins during drying (Fig. 7) . The loss of water is much too rapid for protein synthesis to occur (5) , and so if there is a set of proteins that are used to sequester h protein mRNAs, they must predate a drying event. Perhaps such proteins are activated in some way by water loss.
The resolution ofthese many questions and hypotheses will be more easily answered and tested when cDNAs to individual h protein mRNAs are isolated.
The increased synthesis of r proteins during rehydration in response to drying is just as intriguing. A relatively short exposure to drying conditions for 30 min (Fig. 3) , to 85% of gametophytic fresh weight, effectively induces or increases the synthesis of all r proteins. This level of drying, in relative terms, is equivalent to a mild water stress to T. ruralis; thus, the r protein response is very sensitive to a cellular water deficit. We previously demonstrated that the r protein response does not appear to involve a major change in mRNA abundance, i.e. even though some r proteins are novel, they do not result from the appearance of novel mRNAs, and thus, again, the response must be explained in large part by translational control mechanisms (23) . The sensitivity of the response and the apparent speed at which it is induced (proteins extracted from gametophytes labeled for only the first hour after the addition of water exhibit the full r protein response [data not included]) also attests to the notion of a translational control component. In addition, all of the above observations are consistent with a repair-based mechanism of desiccation tolerance as described previously (see Introduction).
The appearance of, or increased recruitment of, r protein mRNAs into the protein synthetic machinery must result from some change in the initiation process brought about by the loss of water from the gametophytic cells. Increased elongation rates as a mechanism of translational control is not an option in this system because many of the r proteins are not synthesized before desiccation or drying. Also The rate of loss or decrease of r protein synthesis as time increases after rehydration appears to be dependent upon which r protein is being followed (Fig. 5) . Some of the r proteins rapidly cease to be synthesized (Fig. 5D ), whereas others continue to be synthesized even 8 to 10 h after rehydration (Fig. 5A) . The differential rate of loss of the individual r proteins may offer some insight as to their function, but this would be purely speculative at present. Why they differ in rate of loss of synthesis may relate to a resequestration of the mRNAs, although one would suspect that this would be synchronous or may relate to the individual stabilities of the r protein mRNAs. It is also possible that some of the r proteins are required for longer periods of time following desiccation and therefore their mRNA pools may be supplemented by specific transcription after nuclear function is restored. These possibilities will be easy to test after specific cDNAs have been isolated. It is interesting to note that the rate of return of normal protein synthetic patterns is much slower if the moss is rapidly dried to reach the desiccated state (19) ; thus the length of time r protein mRNAs remain translatable may be closely linked to the extent of the cellular damage induced by desiccation.
The major question that arises from this and other studies of the desiccation tolerance of Tortula and higher plant systems, and also those concerning water stress, is what is the function of the proteins whose synthesis is induced by water loss. The proteins that are associated with water stress and seed maturation desiccation (see ref. 28 for review) and in the only higher plant desiccation tolerance system studied, Craterostigma plantagineum (1, 24) , and the desiccation-tolerant prokaryote, Nostoc commune (26) , are mainly thought to function as protectants for proteins, membranes, and other cellular constituents. The protectant properties of these proteins are only a suggestion and are derived mainly from predicted protein structure derived from nucleic acid sequences. Although by no means conclusive, such derived suggestions of function have generated a testable hypothesis for future investigations. Not all proteins induced by the drying of Craterostigma plantagineum possess the proposed protection-oriented sequences and as such have enigmatic functions (24) . This is not surprising because the phenotype of desiccation tolerance is far too complex for such a unifaceted mechanism.
The function of the desiccation-induced synthesis of r proteins during rehydration of T. ruralis also remains enigmatic. Because r proteins are synthesized during rehydration following desiccation and are not synthesized during the drying phase as evidenced by the polysome run-off experiment described here (Fig. 7) and the in vitro translation of mRNA isolated from dried moss (23), it appears likely that these proteins function in the cellular repair of desiccation-induced cellular damage as argued in the Introduction. The run-off translation experiment reported here was designed to maximize the probability of detection of a novel mRNA induced during drying. The 30-min exposure time was chosen as that point at which a loss of approximately 15% of the water in the gametophyte was lost to the atmosphere. This resulted in only a 20% reduction in protein synthesis (9) ; thus, if a novel mRNA(s) is utilized during drying, it should still, at 30 min, have a chance of directing protein synthesis. At later times, e.g. 2 h or 50% water loss, protein synthesis is completely inhibited. The desiccation-induced cellular damage is extensive and includes membrane disruption and complete disruption of organellar integrity (20) . It is interesting to note that one of the major h proteins (Figs. 3C and 6B ), whose synthesis almost totally ceases during rehydration following desiccation, may be the large subunit of Rubisco, at least as far as can be determined by amount, mol wt, and isoelectric point (a more definitive identification is in progress). This would be expected with the observed chloroplastic disruption upon rehydration. With this in mind, it is reasonable to postulate that the r proteins are enzymes or proteins required to repair and regain membrane and organellar integrity and also other cellular constituents needed for the rapid return to normal cell function. Many candidates known to be involved in such activities can be assembled, but until specific probes or proteins are isolated it would be purely speculative to list them at this
